The addition of BaSO 4 whose mass fraction was less than 0.052%, could improve the mechanical property and thermal stability of the fibre apparently. It was found that, the smoothness of the hybrid fibre was changed by BaSO 4 appreciably, though allowable in actual production; The BaSO 4 did not obviously affect the crystallization index ( a ) and the relative degree of crystallization. With the content of BaSO 4 increasing, the crystallization rate firstly became smaller slightly and then restored to the original level at the primary crystallization stage, but the crystallization rate revealed a small fluctuation at the secondary crystallization stage. In addition, the Ozawa equation was fit for pure PET well, and the Mo equation was fit for pure and hybrid PET.
Introduction
The poly(ethylene terephthalate) (PET) has been applied widely in the daily life. Due to the excellent thermal and mechanical properties, it is used as an important material in the textile industry. In order to enhance competitive strength, many companies have been trying to improve the quality of clothing and produce super slender fibre. But the filament breakage and fluffing phenomenon often occur. In order to solve the problem, the hybrid PET fibre with BaSO4 has been proposed [1] [2] . However, we hope that the amount of BaSO4 should be as little as possible so that not only the filament breakage reduces but also the economic cost can be restrained.
Therefore, in our previous study [3] [4] , the content of BaSO4 by mass fraction was less than 0.052%. It was found that, together with the content of BaSO4 increasing, the dynamic storage tensile modulus (E') firstly increased and then decreased below the glass transition temperature (T g ). When the content of BaSO4 was 0.0186%, E' became the maximum. The loss modulus (E") had the same trend with E′ below T g . But above T g , the addition of BaSO4 had no great effect on E' and E″ ; The thermal stability heightened gradually with the content of BaSO4 increasing. When its mass fraction was 0.052%, the thermal stability had increased by 35%.
According to the previous research [5] , a large amount of BaSO4 could change crystallization behaviour and surface status of the PET fibre. However, did the very little addition of BaSO4 alter the smooth degree and crystallization kinetics? It was necessary to study non-isothermal crystallization kinetics, because most of actual melt spinning were under non-isothermal condition, for the sake of guiding the actual production better. 
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Results and discussion
Morphology
In the Figure 1 , the image (a) was for the pure PET. The image (b) and image (c) were for the hybrid PET. There was no obvious difference between the sample (a) and sample (b). The surfaces of the two samples were smooth and ideal, which was just as expected. But as shown in the image (c), the surface became uneven appreciably, though it was allowable in the actual application. So the addition of BaSO 4 had no great effect on the smoothness of the surface. In the Figure 2 , the image (a) was for the pure PET and the image (b) was for the hybrid PET. It is well known that the gray area denotes the nonmetallic part and the black area denotes the metallic part. In the image (a), there was almost no black area except some very small points, which might be catalysts. On the contrary, in the image (b), there were obviously black areas which were caused by the addition of BaSO 4 . The Figure 2 proved the existence of BaSO 4 . In addition, the BaSO 4 did not assemble together greatly.
Non-isothermal crystallization curves
The non-isothermal process is universal in actual production. The non-isothermal crystallization process is that, the temperature of polymer declines at a constant or variable rate while they are crystallizing. The non-isothermal crystallization at constant cooling rate is much closer to the actual production. Therefore, the samples filled with BaSO 4 were studied by Differential Scanning Calorimeter (DSC). Their results are shown in the Figure 3 . In the Figure 3 , the non-isothermal crystallization curves all showed obvious exothermic peaks which were caused by crystallization. From (a) to (e), together with the cooling rate increase, the exothermic peak gradually became flat and small, because the macromolecules did not have enough time to achieve an order array when the cooling rate was larger.
Effect of BaSO 4 on the relative degree of crystallization (X)
The heat fluxes at different cooling rates could be calculated by the area of crystallization peaks in the As shown in the Figure 4 , there were no great fluctuations of heat fluxes. That is, the addition of BaSO 4 had no obvious effect on the relative degree of crystallization.
Non-isothermal crystallization kinetics described by Ozawa equation
Because of its complexity of the process, some methods to deal with the nonisothermal crystallization behaviours have been proposed. The classical Ozawa equation [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] is one of the methods. The detailed form is shown in equation (1).
m -The Ozawa index, which is related to the nucleation mechanism;
( ) T X -The relative degree of crystallization; β -The constant cooling rate (K/min);
The rate function, which is related to the temperature (T). The equation (1a) was transformed into the following form.
According to the equation (2), one temperature is selected and riveted for a sample.
Then the points of ( β ln ,
Then the temperature 463.15 K was selected in the following analysis. For every sample, the points of ( β ln ,ln[-ln(1-X(463.15K))]) had been obtained according to the data in the Figure 3 Then linear regression was applied to the points of each sample. The regression results were listed in the Table 2 . R was the correlation coefficient and SD was the standard deviation. The SD exhibited clearly that, the regression results were not ideal except for pure PET. As a result, the classical Ozawa equation did not work well for hybrid PET. But it was fit for the pure PET.
According to the parameters of the pure PET, it was concluded that, the crystal shape might be rod-like.
Non-isothermal crystallization kinetics described by Mo equation
The Ozawa equation could describe the non-isothermal crystallization process of pure PET well, but it could not express the non-isothermal crystallization process of hybrid PET. There were some limitations. It is well known that, the relation between time and corresponding temperature is shown in the equation (3) .
t -The time (min); Then Ozawa equation (1a) was changed into the following format.
According to equation (5) and (6), ( ) ( ) t X T X = was hypothesized. So it was easy to deduce the following equation.
Then the equation (7) was changed into another format.
, the equation (8) was changed into the below form.
According to equation (9) (so called "Mo" method [17] [18] [19] [20] [21] was the cooling rate needed in order to get a certain relative degree of crystallization in unit time.
According to equation (9), two relative degree of crystallization ( ) T X were selected here in order to study the non-isothermal crystallization kinetics during primary stage and secondary stage, respectively which was 0.3 and 0.8
The relations between β lg and t lg for different samples are shown in the Figure 6a and Figure 6b . The regression results are listed in the Table 3a and Table 3b . As shown in the Figure 6a and 6b, the points of each sample was very linear. The non-isothermal crystallization kinetics of all PET samples were described well with the "Mo" equation which can be certified by R (correlation coefficient) an SD (standard deviation) in the Table 3a and 3b.
The parameter a in the Table 3a and 3b were in the range between 1.2 and 1.4. Therefore, the pure and hybrid PET maybe grow in a one-dimensional rod-like way in the crystallization process. The addition of BaSO 4 did not affect the crystal shape.
in the Table 3a and 3b implied that the crystallization rate firstly became small and then became bigger at the primary crystallization stage with the content of BaSO 4 increasing. The trend may result from the effect of obstruction of BaSO 4 . However, at the secondary crystallization stage, the crystallization rate became fluctuant, which may be caused by its complexity, such as crystal collision, the effect of container, and so on.
Conclusions
The morphology and non-isothermal crystallization kinetics of the PET/BaSO 4 hybrid fibre were studied by SEM, TEM and DSC. It was found that, the smoothness degree of hybrid fibre was changed appreciably by BaSO 4 , though allowable in actual application. The images of TEM proved the existence and dispersing degree of BaSO 4 in the hybrid PET. The non-isothermal crystallization index ( a ) and relative degree of crystallization ( )
did not alter obviously with the increase in content of BaSO 4 . The crystallization rate firstly became small appreciably and then became bigger at the primary crystallization stage. But the crystallization rate got fluctuant at the secondary crystallization stage. In addition, the Mo equation was better than the Ozawa equation in dealing with the non-isothermal crystallization kinetics of PET/BaSO 4 hybrid fibre.
Experimental part
Materials
The terephalic acid (PTA) and ethylene glycol (EG) were provided by China Petroleum & Chemical Corporation (Luoyang) Co., Ltd; The ethylene glycol antimony (S-24) (analytical reagent) was provided by Wuxi Zheng-Mao chemical company; The BaSO 4 whose average particle size was 50 nm was also provided by China Petroleum & Chemical Corporation (Luoyang) Co., Ltd; The mass fraction of BaSO 4 is given in the Table I .
Major equipment and instruments
The equipment used were : Reactor, interim type 
Sample preparation
The PTA, EG, s-24 and BaSO 4 were added into the reactor and reacted under low vacuum degree for 2 h at 240 K. Then the reaction conditions were changed. The absolute pressure in the reactor was gradually decreased to 50-70Pa. At the same time, the temperature of the reactant was gradually heated to 273 K. Then the hybrid PET was obtained after 1.5 h. At last, the hybrid PET was spun into the fibre.
Measurements
SEM:
The hybrid fibre was covered with a layer of gold and then observed under the conditions described in the bracket.(The accelerating voltage was 20KV and the magnification was 15 000).
TEM: A fibre whose diameter was less than 3 mm was selected. Then the fibre would be put into specimen vial which was filled with dilute plastic embedding solution. The plastic embedding solution became solid after 24 h in vacuum environment. The solid was cut with an ultramicrotome. Then the slice was picked up by a copper grid. When the slice was dry, it was ready for viewing. DSC: The sample was heated to 573K at the rate of 10 K/min and sustained for 10 min in order to eliminate the heat history. Then the sample was cooled at a certain rate (β=2 K/min,4 K/min,8 K/min,16 K/min,32K/min). All operations were carried out in the nitrogen gas.
